Abstract-This paper deals with the radiation efficiency optimization of Electrically Small Antennas (ESAs). Based on the well-known tradeoff between antenna maximum dimensions, Qfactor and radiation efficiency, several authors focused on minimizing the Q-factor for a given antenna size in order to increase its bandwidth. For some applications (Wireless Sensor Network), only a narrow bandwidth is needed and the radiation efficiency is a crucial parameter to shrink the required power. Thus, this paper presents the radiation efficiency optimization of 3D folded dipole antennas for a given size. First, we compare different folding topologies and then we study the effect of the wire diameter and the material on the ESAs performances.
I. INTRODUCTION
Electrically Small Antennas (ESAs) are of interest for a long time since it is a key element for radio communication systems miniaturization. Their radiation properties have been first studied in the middle of the 20 th century by Wheeler [1] - [2] . In [1] , the definition of an Electrically Small Antenna (ESA) is given as < 0.5 where is the wavenumber and is the radius of the smallest sphere that encloses the antenna, also known as the Chu sphere. Based on the spherical mode wavefunction expansions outside the Chu sphere, Chu [3] showed that the quality factor of an antenna is lower bounded by its physical size such as 
where is the radiation efficiency. This expression can be simplified as in (2) for ESAs ( < 0.5) which is confirmed later by McLean in [4] . 
Also, it is shown in [5] that the quality factor of a narrowband antenna is inversely proportional to its bandwidth ( = 1/ ). Thus, there is a tradeoff between the radiation efficiency, the antenna maximum dimension and its bandwidth. Wheeler original work encouraged several authors to enhance the knowledge on physical limits of ESAs [5] - [7] . Recently, Gustafsson [8] suggested, based on scattering theory, lower bounds of the Q-factor on antennas of arbitrary shape. A lot of studies focused on minimizing of ESAs for a given size in order to increase the bandwidth [9] . However, for some specific applications like Wireless Sensor Networks, only a few hundreds of kHz might be enough to communicate some data. This leads to the concept of Ultra NarrowBand (UNB) Antenna where the efficiency becomes the most critical parameter, especially since the available power of the communicating node is usually very low.
In section II, we compare the radiation performances of three electrically small dipole antennas that use different folding topologies (helical, spiral and spherical) as a function of their physical sizes. S-parameters measurements of the helix antenna using a differential technique is also presented. Then, section III focus on the spherical topology and we study the effect of the wire diameter and the material conductivity on the antenna radiation efficiency.
II. 3D-FOLDED DIPOLE ANTENNAS STUDY
Folding is one of the most commonly used antenna miniaturization technique because of its simplicity. The main idea is to extend the current paths in a limited volume in order to reduce the resonant frequency. In the literature, several papers deal with this subject and present different structures. They can be classified into two categories: planar (2D) such as meanders, zig-zag [10] , and volumetric (3D) as the helix for example [11] . In this paper, we focus only on 3D-folding by comparing the radiation properties of a helical, a spiral and a spherical dipole antennas. These antennas are presented in Fig. 1 enclosed in a sphere of radius = 16 mm so that = 0.145.. They are optimized to operate at the same frequency of 433 MHz. The copper wires' diameter is equal to 2 mm. The antennas are first simulated with ANSYS [12] using a 50 Ω lumped port located at the sphere's origin. Their input impedance as a function of the frequency is presented in Fig. 2 . We can see that the imaginary parts are all equal to zero at 433 MHz (serial resonances) and the real parts are very low (about 1.5 Ω) which is typical for ESAs. The impedance matching to 50 Ω is not considered in this study.
The helical antenna has been realized as depicted in Fig. 3 . Since this symmetrical antenna is electrically small, the classical impedance measurement setup using one coaxial cable is not suitable. Indeed, this unbalanced feeding system generates current leaking along the shield of the cable. Thus, we use a balanced measurement technique [13] based on two distinct coaxial cables. Each core is connected to an antenna arm and the two shields are soldered together as shown in Fig. 3 . On the other side, the two coaxial cables are terminated by a SMA connector to be connected to the VNA. First, the VNA is calibrated in a classical way. Then, the two soldered coaxial cables are deembedded by post-processing using the S-parameters measured when these cables are terminated by a short circuit and a 50 Ω load. Finally, the S-parameters of the whole structure including the antenna are measured and the differential input impedance can be computed as 
where is the characteristic impedance (50 Ω). Since the antenna is symmetric, we obtain = and = . The simulated and measured helix antenna input impedance is presented in Fig. 4 as a function of the frequency. We can see that they are in very good agreement.
We now analyze the simulated radiation properties of the folded dipole antennas as a function of their dimensions. Four values of have been arbitrary chosen: 0.145, 0.2, 0.25 and 0.32. For each , the three antennas are optimized to be enclosed in the Chu sphere and operate at 433 MHz ( = 0). The wires' diameter is kept the same (2 mm). The simulated radiation efficiency and Q-factor are presented as a function of in Fig. 5 and Fig. 6 , respectively, for the three different folded dipoles. First of all, the behavior of these parameters as a function of respects the theory, i.e. when shrinks, the radiation efficiency decreases while the Q-factor increases. In Fig. 5 , we can see that the radiation efficiencies are the same for the highest considered ( = 90%). However, a better efficiency is obtained with the spherical folding when the antenna size becomes smaller. For = 0.145, the efficiency of the spherical antenna is 13 % higher than for the spiral antenna and 17 % higher than the helix antenna. Regarding (Fig. 6) , results are very similar for "large" while there is a clear difference when the antenna becomes smaller. It is interesting to notice that the spherical antenna has both the highest efficiency and the smallest Qfactor.
We now focus on the ratio between the radiation efficiency and the quality factor, expressed in (2) as proportional to . Results are presented in Fig. 7 . We notice that this ratio is indeed proportional to for electrically small dimensions ( < 0.01 and so < 0.2) but the slope is not the same regarding the antenna topology. A proportionality coefficient should thus be introduced into (2) such as
where can be seen as a figure of merit describing ESA performances as a function of its electrical volume
. These results agree with recent works saying that the more the antenna fill the Chu sphere, the more this antenna is efficient. It also confirms that the ESAs radiation properties depend on the effective antenna volume [8] and not only the equivalent sphere.
III. OPTIMIZATION OF THE SPHERICAL ANTENNA RADIATION EFFICIENCY
In this section, we focus on radiation properties of the spherical antenna only by trying to improve its radiation efficiency without strongly modifying its structure. If we consider a sinusoidal current distribution along a halfwavelength dipole antenna, its loss resistance can be simplified as σ ωµ π δ π σ where is the dipole length, is the conductivity of the metal, is the wire radius and is the skin depth defined as = 2 ⁄ with the permeability of free-space and the angular frequency. Thus, increasing or should in theory reduce and so increase the radiation efficiency. These parameters have usually few influence on the efficiency of halfwavelength dipole but their effect on the specific case of ESAs is studied in the next two parts.
A. Wire diameter study
In this part, we study the effect of the wire diameter on the spherical antenna performances. Thus, we arbitrary choose two smaller diameters (0.5 mm and 1 mm) and a larger one (2.5 mm). The antennas are then optimized to operate at 433 MHz ( = 0) for each diameter. The radiation efficiency simulated for the four diameters is presented as a function of in Fig. 8 while its Q-factor is shown in Fig. 9 . As previously, both results agree with the physics. We notice that the radiation efficiency is highly related to the wire diameter. Indeed, the larger the diameter, the higher the efficiency. This is true for all sizes that have been simulated but the smallest one. In this particular case of = 0.145 there is no improvement when the diameter increases from 2 mm to 2.5 mm. Indeed, since the wire diameter is increased while keeping the same overall dimension, the pitch becomes very small and disturb the antenna radiation properties. Regarding the Q-factor, for large , it is higher for the smaller diameter. This is consistent with half-wavelength dipole where the thicker the wire, the more broadband the dipole. However, when is reduced, small diameter leads to low Q and thus increased bandwidth which confirms that there is a tradeoff between efficiency and bandwidth.
Finally, the ratio
/ is presented as a function of for every diameters in Fig. 10 . As expected from the previous results, this ratio is proportional to for very small (minor than 0.2). For higher , the thicker the wire, the better the radiation properties. Looking at the proportionality for small , we observe that the coefficient depends on the wire's diameter. This analyze has also been done with the spiral and spherical dipole antennas and lead to the same conclusions. Results are not presented here for brevity. 
B. Material study
We now focus on the effect of the material conductivity on the miniature antenna performances. The spherical antenna is simulated using four materials: brass ( = 15. 10 / ), aluminum ( = 38. 10 / ), copper ( = 58. 10 / ) and silver ( = 61. 10 / ). The simulated radiation efficiency is presented as a function of in Fig. 11 while the Q-factor is shown in Fig. 12 . Whatever , the metal conductivity has an influence on the efficiency of the antenna. Indeed, the higher the conductivity, the higher the radiation efficiency. The difference is especially high since we are dealing with ESAs. Regarding it is higher for high conductivity material. Finally, we present the radiation efficiency by the Q-factor ratio as a function of in Fig. 13 . It is very interesting to notice that the material conductivity has no influence on this ratio. It means that the coefficient introduced in (4) does not depend on the metal used and that the differences observed in Fig. 11 and Fig. 12 compensate each other perfectly.
IV. CONCLUSION
Electrically small 3D-folded dipole antennas have been studied in terms of their radiation efficiency and Q-factor. We showed that a topology that fills the best the Chu sphere gives better performances. Then we showed that, for a same effective volume, it is possible to modify the antenna radiation properties by adjusting the wire diameter or the material conductivity. Fig. 10 . Radiation efficiency to Q-factor ratio of the spherical antenna as a function of for the four different diameters. Fig. 12 . Simulated Q-factor of the spherical antenna as a function of for four different materials. Fig. 11 . Simulated radiation efficiency of the spherical antenna as a function of for four different materials. Fig. 13 . Radiation efficiency to Q-factor ratio of the spherical antenna as a function of for the four different materials.
